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Theoretical Investigations of sandwich molecular clusters and nanowires, and 
their surface assembly 
Tan Wee Boon 
National University of Singapore 
2013 
The present dissertation reports on theoretical investigations of transition metal multidecker 
sandwich molecular clusters (SMCs) and their corresponding one-dimensional infinite 
nanowires. The current theoretical studies on one-dimensional infinite sandwich molecular wires 
(SMWs) predict interesting electronic and magnetic properties that can be found in these SMWs. 
Examples include half metallicity, high spin filter efficiency, negative differential resistance 
effects and the ability to function as magnetic on/off molecular switches. In the current work, the 
structural, electronic and magnetic properties of vanadium boratabenzene SMW are studied 
theoretically. The vanadium boratabenzene SMW is predicted to be a ferromagnetic conductive 
nanowire and the vanadium atoms couple ferromagnetically throughout the SMW via the 
superexchange coupling mechanism. Subsequently, SMWs containing silacyclopentadienyl ring 
ligands with four transition metals from the 3d series are explored. Theoretical findings reveal a 
trend of switching from being a conductive wire to a half metallic one, and finally to become a 
semiconducting wire as the transition metal atoms are varied with increasing atomic number 
(from vanadium to iron). Finally, assembly of two silacyclopentadienyl type of SMWs are 
investigated on a semiconducting hydrogen passivated Si(100) surface. Selective rows of 
IV 
 
dangling bonds can be exposed via feedback-controlled lithography. The vanadium 
silacyclopentadienyl SMW retains its metallic feature after the assembly, while the manganese 
silacyclopentadienyl SMW changes from being a semiconductor to quasi metallic. The surface 
silicon atoms that are chemically bonded to the silacyclopentadienyl ligands experience electron 
charge transfer from the transition metal atoms, while the bulk silicon substrate remains 
chemically unaffected after the assembly of the SMWs. The theoretical work conducted in this 
thesis offer vast potential opportunities in the design of novel nanowires for future spintronic and 
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Molecular wires are the fundamental building blocks for molecular electronic devices. 
The most common types of molecular nanowires are based on organic molecules due to their 
ease of chemical modification and high flexibility during processing. Oligomers or polymers,
1-4 
despite with desired properties, usually do not possess suitable functional groups which allow 
them to bind to substrates. On the other hand, structures having such functional groups that 
facilitate strong surface adsorption typically exhibit poor electrical conductivity, as charge 
carriers tend to localize at these functional groups. Another class of molecular wires is the metal 
nanowires, which exhibit high electrical conductivity due to high charge carrier concentrations; 
however one major challenge associated with the application of these nanowires is the effect of 
electromigration,
5,6
 which causes the eventual breakage of the nanowires.  
In recent years, there has been increasing dedication to sandwich compounds as a novel 
class of molecular wires. Sandwich compounds are typical compounds featuring a metal atom 
positioned and bound by haptic covalent bonds in between two arene ligands, which include the 
metallocences. Since the first report on the synthesis of ferrocene, [(C5H5)2Fe], by Pauson and 
Kealy in 1951
7
 and the structure characterization by Woodward and Wilkinson later in 1952,
8
 the 
field of organometallic sandwich compounds has developed tremendously. The ever-growing 
interest in these complexes stems from their wide-reaching relevance to catalysis, novel 
magnetic materials and optical materials, polymers, molecular recognition and medical 
applications.
9
 In particular, multidecker sandwich compounds have been generating keen interest 
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and attention ever since the isolation and characterization of the first triple-decker sandwich 
compound featuring cyclopentadienyl ligands in 1972 by Werner and Salzer.
10,11
 Subsequent 
vigorous research activities resulted in the isolation and structural characterization of a large 
variety of transition metal triple-decker and multidecker complexes. The ring ligands acting as 














 P5 and P6.
19-24
  
Among these multidecker complexes, interesting magnetic properties have been found in 
vanadium-benzene multidecker clusters, VnBz(n+1). The vanadium-benzene multidecker sandwich 
clusters display ferromagnetism
25,26
 and possess magnetic moments that increase linearly with 
increasing vanadium atoms.
27,28
 Theoretical studies on the infinite one dimensional vanadium-
benzene wire, (V-Bz)∞, further reveal that the infinite wire is a half metallic ferromagnet, and it 
is predicted to be 100% spin polarized.
29,30
 Meanwhile, the infinite form of vanadocene, (V-







display negative differential resistance property and high spin-filter efficiency. 
However, the hydrocarbon ring ligands in these sandwich molecular wires (SMWs) are 
chemically inert which results in difficulty for the SMWs to assemble on surfaces. The present 
thesis focuses on the theoretical investigation of structural, electronic and magnetic properties of 
SMWs with selected boron and silicon substituted heterocycles as ring ligands. By substituting 
with selected heterocycles, it is hoped that better insight and alternatives on anchoring the SMWs 
on surfaces stably can be achieved, while hoping to retain the desirable properties displayed by 
the standalone SMWs. Eventually, the knowledge may help researchers to realize the mass 
3 
 
assembly of these SMWs onto surfaces and become promising materials for future application in 
molecular electronics and spintronics.  
 
1.1 Experimental accomplishments of multidecker sandwich complexes and clusters 
1.1.1 Multidecker sandwich complexes and clusters containing pure hydrocarbon rings 
 The first triple-decker sandwich compound was synthesized in 1972 upon heating 







 A year later Schilderout reported the detection of [(5-C5H5)3Fe2]
+
 in mass 
spectroscopic studies of gaseous ferrocene.
34
 An alternate route to producing triple-decker 
sandwich compounds can be realized by treating electron rich metallocenes such as Cp*2M (M= 




 Synthesis of bimetallic 
permethylpentalene complexes, Pn*2M2 (M = V, Cr, Mn, Co, Ni; Pn* = C8(Me)6), has been 
accomplished and structurally characterized by Ashley et al. in the solid state by single-crystal 
X-ray diffraction.
36





) is more suited for multidecker sandwich compounds containing rare earth and actinide 
elements, with the first compound of such type, Ce2(COT)3, was produced by Cesca et al.
37
 and 











1.1.2 Multidecker sandwich complexes and clusters containing boron- and silicon- 
substituted heterocycles 
 In the past fifteen years, organometallic complexes can be efficiently synthesized as 
multidecker sandwich clusters in molecular beams via gas-phase reactions of laser-vaporized 
metal atoms with organic ligands. In this technique a laser beam vaporizes the target metal, and 
the ensuing hot plume of metal atoms is cooled in an inert gas environments seeded with the 
appropriate organic molecules. Examples of multidecker sandwich complexes that are produced 
via this method include Vn(Bz)n+1 (n = 1 - 4)
25, 39-43
 and Scn(Bz)n+1 (n = 1 - 2),
25
 and rare earth 
metal clusters Lnn(COT)n+1 (Ln = Ce, Nd, Eu, Ho and Yb)
44,45
 where an 18-layer one 
dimensional Eun(COT)n+1 was successfully synthesized and is the longest multidecker sandwich 
molecular wire to date.
46
 The only experimentally known bimetallic multidecker sandwich 






 The development of the chemistry of transition metal sandwich compounds containing 
boron substituted heterocyclic ring ligands started with Herberich’s 1970 report of the synthesis 
of a cobalt-bound boratabenzene
48
 and Ashe’s 1971 description of the synthesis of lithium 1-
phenylboratabenzene.
49
 Since then a wide variety of transition metal compounds of 
boratabenzene had been synthesized by Herberich and co-workers
50-54
 as well as Ashe and co-
workers.
55-58 
Meanwhile, the first reported triple-deck sandwich complexes containing 
boratabenzene as bridging ligand have been prepared through the reaction of Cp*Ru(C5H5B-Me) 
with metallo-electrophiles, and the structure has been established by X-ray crystallography.
51,52
 
Furthermore, efficient new methods of the synthesis of boratabenzene salts have been developed, 
thereby making them readily accessible.
59-63
   
Sandwich compounds featuring another class of heterocycles, the heavy cyclopentadienyl 
ligand, was first reported by Tilley et al. by the reaction of lithium germacyclopentadienide 
Li[Me4C4Ge-Si(SiMe3)3] with [{(Me5C5)Ru(μ-Cl)}4].
64
 Subsequently, other TM complexes (Zr, 
Hf, Ru, Rh, Ir) with either sila- or germacyclopentadienyl ligands were prepared by the same 
research group.
65-69
 In addition, an iron complex in which two germacyclopentadienyl ligands 
sandwiched the central iron atom was prepared, where the germanium atoms are rotated away 
72
o









In summary, the experimental accomplishments for transition metal multidecker 
transition metal complexes covered in this section provide concrete support to the experimental 
feasibility of the multidecker sandwich clusters and the infinite sandwich nanowires that are 
studied in this thesis. 
 
1.2 Theoretical investigations on multidecker sandwich complexes, clusters and SMWs 
The early theoretical investigations on sandwich metallocences focused mainly on the 
structural and magnetic properties of the sandwich complexes.
71-78
 Since the experimental 
suggestion of ferromagnetism in multidecker VnBzm complexes, many theoretical studies have 
been performed which shed light on the structural, electronic and magnetic properties of 
multidecker transition metal and rare earth metal sandwich multidecker molecular complexes 
and infinite one-dimensional SMWs. Among the earlier reports, Maslyuk et al. have predicted 
(Bz-V)∞ SMW (Figure 1.3) to be a half metallic ferromagnet,
29
 with a spin-polarized band 
structure with a finite density of states at the Fermi level for one spin channel and a 
semiconductor gap for the other, affording half metallic character which was previously only 






 Interestingly, Zhou et al 
theoretically predicted that (Cp-Fe)∞ possess three unique properties simultaneously, having half 
metallicity, high spin filter effects and negative differential resistance.
32
 Furthermore, the 
mechanism behind the half metallicity and ferromagnetism in the first row transition metal (Cp-
TM)∞ was unveiled by Shen et al. and was found to be completely different from that observed 
in (Bz-TM)∞.
31
 The formation of (Cp-TM)∞ SMWs was revealed to have occurred through the 
transfer of one valence electron from the transition metal to the cyclopentadienyl ring, forming 




 structures. In contrast, the interactions in (Bz-TM)∞ 
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SMWs are mainly covalent as benzene is already in an aromatic electronic configuration and no 
electron transfer would be observed.
31
 Large magnetic moments were observed in europium 
cyclooctatetraene multidecker clusters, Eun(COT)n+1 (n = 1 - 4),
85
 and increase linearly with 
increasing europium atoms, and while the SMW is a FM semiconductor, it displays nearly 100% 
spin filter efficiency.
86
 Borazine (B3N3H6), widely regarded inorganic analog to benzene, was 
also explored as a potential ring ligand in the formation of SMWs. Mallajosyula et al. reported 
efficient spin filter properties and half metallic character in (Borazine-V)∞
87
, and the electronic 





Figure 1.3 Structural models for infinite (Cp-V)∞, (Bz-V)∞ and (Pn-V)∞ SMWs, respectively. 
Grey atoms denote carbon atoms, white atoms denote hydrogen atoms and dark green spheres 




In addition to monometallic SMWs, considerable theoretical studies have been devoted to 
hybrid bimetallic SMWs and SMWs containing two or three fused rings as ring ligands, which 
reveal further interesting properties. The performance of spin filter efficiency has been 
demonstrated to be tunable in the bimetallic (CpFeCpV)n wire
89
, which can also function as a 
half metallic spintronic switch under a controlled external electrical field
90
 or through 
customized redox reactions.
91
 Meanwhile, the (CpFeCpV)∞ SMW was determined to be a FM 
semiconductor
92
 and is also known to exhibit magnetic moment enhancement with respect to the 
monometallic SMWs, (Cp-V)∞ (Figure 1.3) and (Cp-Fe)∞.
93
 SMWs that include fused rings such 
as pentalene, naphthalene, anthracene and pentacene are also theoretically well studied. The 
pentalene and pentacene analogues for vanadium, (Pn-V2)∞ (Figure 1.3) and (Pen-Vn)∞ (n = 3 or 
4) respectively, are known to exhibit excellent thermodynamic stability,
94,95
 while the 





 into the SMW. Half metallic behavior is predicted to be observed in the 
vanadium anthracene SMW, (Ant-V2)∞.
98
 
Overall, transition metal multidecker SMCs and their corresponding one dimensional 
infinite SMWs exhibit intriguing and fascinating electronic and magnetic properties. All of the 
aforementioned theoretical studies involve ring ligands that are pure hydrocarbons which are 
formed from strong C-C bonds within the cyclic skeleton and inert C-H bonds surrounding the 
rings. Though the SMWs are robust and display high thermodynamic stability, it remains a 






1.3 Studies of adsorption of SMCs and SMWs on substrates 
There has been a longstanding interest in patterning metallocenes and their infinite 
SMWs on surfaces. A STM-assisted dissociative adsorption of ferrocene has been proposed as a 
method for patterning substrates for carbon nanotube growth.
99
 The adsorption of ferrocene on 
graphite was investigated by Durston and Palmer using high resolution electron energy loss 
spectroscopy (HREELS) where the ferrocene molecules are physisorbed with the its five-fold 
symmetric molecular axis oriented approximately perpendicular to the surface.
100
 Mitsui et al. 
had reported the deposition of vanadium-benzene sandwich clusters on n-alkanethiolate self-
assembled monolayer (SAM) coated gold substrates under ultrahigh vacuum conditions.
101
 The 
non-destructive, so-called ‘soft-landing’ deposition method results in the physisorbed VBz2 
clusters to be embedded in the n-alkanethiolate SAM matrix and are highly oriented with the 
molecular axis 70-80
o
 tilted off the surface normal.
101
 When the substrate is switched from gold 
to Si(111), the interactions between the VBz2 clusters and the n-alkanethiolate are weaker, as 
indicated by a lower desorption temperature.
102
 With chemical modifications of the sandwich 
cluster and the SAM, Nagaoka et al. found that a chemisorbed Cr(aniline)2 cluster can be formed 
on a COOH functionalized alkanethiolate SAM coated on gold through the formation of an 
amide linkage.
103
 Though the chemisorbed sandwich clusters are thermally stable when 
immobilized to the alkanetiolate SAMs, it is unclear whether the anchoring of the clusters can be 
extended regularly across the SAMs and the orientation of the sandwich cluster is not suitable for 
molecular conductance.  
Additionally, Kruse et al. demonstrated the growth of ordered vinylferrocene molecular 
lines on the H-Si(100) substrate, where high resolution STM images reveal a ziazag structure 





these molecular lines decompose under applied bias.
104 
Choi and Cho theoretically proposed an 
alternate method to form heterogeneous pyridine-borine molecular wire on an H-passivated 
Si(100) surface.
105 
Arbitrary arrays of individual dangling bonds can be generated from the H-
passivated Si(100) surface through feedback controlled lithography,
106-108
 after which pyridine 
(base) and borine (acid) molecules adsorb alternatively along the exposed dangling bonds.
99
 The 
selective removal of hydrogen atoms from the H-passivated Si(100) surface  along the silicon 
dimer row provides a viable platform for the assembly of the SMWs. Recently, Lu et al. have 
theoretically investigated on the assembly and adsorption of a molybdenum boratabenzene SMW 
on the H-passivated Si(100) surface.
109
 A two-step reaction pathway to fabricate the SMW on the 
surface through the formation of B-Si bonds has been proposed and the ferromagnetism and half 
metallic properties of the SMW is not affected by the substrate when it is adsorbed on the 
surface.
109
 This publication certainly provides the motivation to consider the adsorption of other 
SMWs on the same substrate and warrants further experimental and theoretical studies.  
 
1.4 Objectives and scope of this thesis 
As described in earlier sections, multidecker SMCs and SMWs possess electronic and 
magnetic properties that enable them to be highly desirable for potential applications, notably in 
molecular magnets and in the field of spintronics. Almost all of the SMWs studied lack the 
essential reactive centers and can only physisorb on suitable substrates, making them difficult to 
be fabricated into stable molecular electronic devices.  
Therefore, there is a need to design and study on novel SMWs that can attach onto the 
substrates through chemisorption, and yet retain the desirable electronic and magnetic properties 
that are typically observed in these SMWs. This thesis focuses on the theoretical investigation on 
11 
 
functionalizing and replacing one of the carbon atoms with a heteroatom in the ring ligands, 
which is one of the important building blocks in the SMCs and SMWs, and explore on their 
structural, electronic and magnetic properties. The choice of exploring theoretically on the 
vanadium-boratabenzene SMCs and SMW stems from the ease of boron-containing heterocycles 
to form multidecker sandwich structures and the availability of extensive literature on SMWs 
containing vanadium with cyclopentadienyl and benezene rings. Meanwhile, the studies of first 
row transition metal silacyclopentadienyl and germacyclopentadienyl SMCs and SMWs are 
motivated by the ability of the 
Si
Cp heterocycle to be adsorbed onto silicon substrates through the 
formation of Si-Si bonds. In the final part of this thesis, the adsorption of two of the 
silacyclopentadienyl containing SMWs (TM = V, Mn) are studied with the objective of laying 
the foundation for the development of these SMWs on semiconducting or insulating substates. 
In conclusion, this chapter (Chapter 1) outlines the experimental and theoretical 
accomplishments on transition metal multidecker sandwich complexes, clusters and their 
corresponding one-dimensional infinite SMWs. In Chapter 2, a brief overview of the 
fundamentals on density functional theory is presented. The structural, electronic and magnetic 
properties of vanadium-boratabenzene SMCs and SMWs are investigated in Chapter 3. Chapter 
4 contains the study on the electronic and magnetic properties of several first row transition 
metal silacyclopentadienyl and germacyclopentadienyl SMCs and SMWs. Finally, the adsorption 
of two of the silacyclopentadienyl SMWs (TM = V, Mn) on Si(100) surface are explored in 
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Theoretical Background and Calculation Methodology 
 
 A brief theoretical background of the computational methods relevant to the work in this 
thesis is introduced in this chapter, starting with ab initio calculations in Section 2.1; followed by 
a short introduction to density functional theory (DFT) (Section 2.2) and a brief description on 
two most commonly used exchange-correlation functionals that are relevant to this thesis 
(Section 2.3). Lastly, the calculation methods employed in this thesis are discussed in Section 
2.4. 
 
2.1 Ab initio calculations 
Ab initio calculations in quantum chemistry/physics are simulation methods that predict 
physical and chemical properties (optical, electronic, magnetic and mechanical) of physical 
systems without any empirical and experimental parameters. When the number of atoms, the 
types of atoms, their positions in the system and some basic constants such as the Planck 
constant over 2π:  , the mass and the charge of the electron: me, e, etc are provided, properties 
of a wide range of materials can be predicted in principle. With the rapid acceleration of 
upgrades in computational capacity and new developments in theoretical methodologies and 
techniques, ab initio calculations are employed in the studies of surface adsorption, catalysis 
activity, chemical reaction kinetics and molecular dynamics. These studies give insights of novel 
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materials at atomic or electronic configurations and spin levels, and reveal fundamental 
mechanisms beyond numerous experimental findings. 
DFT is widely employed in physical, chemical and biological research to investigate the 




 and it is very successful 
in providing ground state properties of many-electron systems.
4
 DFT can be used to determine 
the ground state energies by considering the charge density. DFT can provide satisfactory 
predictions of properties of chemical systems at a lower computational cost in comparison to 
traditional computational methods such as HF theory and post-HF theory. 
 
2.2 Density Functional Theory 
 The most important modern density functional method was developed by Kohn and 
Sham
6
 for which Kohn was awarded the Nobel Prize in Chemistry in 1998. This, along with 
accurate approximations of the exchange-correlation functional provides the basis for all modern 
calculations done with DFT. 
 
2.2.1 Hohenberg-Kohn theorem   
The first Hohenberg-Kohn (HK) theorem
7
 shows that the ground state electronic density 
ρ(r) is sufficient to determine all ground state physical properties of a many-electron system. 
Application of electron density functions would reduce the many-electron problem of N 
electrons with 3N spatial coordinates to only 3 spatial coordinates. For any two systems of 
23 
 
electrons having the same ground-state density ρ(r) and are trapped in two different potentials 
ν1(r) and ν2(r), it is necessary that 
    Constrr  21                                                          (2.1) 
The Hamitonian and all of its derived properties are resolved by the ground state density ρ(r). 
The HK functional is defined as F[ρ] = T[ρ] + U[ρ], and it is a general function of the electron 
density which is independent of any external potential.  
The second HK theorem defines the energy functional E(ν, ρ)[ρ] of a many-electron system as 
below. 
         rdrrFE
3
,                                                (2.2) 
The density functional can reach its minimum value if the electron density ρ(r) is the exact 
ground state density of N electrons in the potential ν1(r), and the ground state energy of this 
system is the minimum value of E(ν, ρ)[ρ]. F[ρ] is a universal function and is independent of 
external potentials and thus all physical properties of a system can be obtained by minimizing 
F[ρ]. However, there is the presence of electron-electron interactions that are not taken into 
account.  
 
2.2.2 Kohn and Sham Equation 
 Kohn and Sham showed that the electron-electron interaction problem can be solved by 
replacing all interacting electrons with non-interacting quasi particles and making these quasi 
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particles to yield exactly the same electron density ρ(r). They solved the problem by 
decomposing the functional to 














                               (2.3) 
where Ts[ρ(r)] is the kinetic energy of non-interacting electrons that possess the same density as 
the real electron interacting system. The existence of such a non-interacting system is assumed. 
The second term in equation (2.3) represents the Coulumb electronic repulsion. EXC[ρ(r)] is the 
remaining correction which is known as the exchange-correlation energy. Minimization of this 
functional under the constraint of a given number of particles leads to the single-particle Kohn-
Sham equation: 














                                         (2.4) 
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                                                         (2.6) 
The equations above describe a system of non-interacting particles in an effective potential Veff(r) 
at zero temperature. The effective potential consists of the external potential Vext(r), the Hartree 
electrostatic interaction between electrons and the exchange-correlation potential VXC(r). The 
system must be solved by a SCF method so that the occupied electronic states generate a charge 
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density that produces the electronic potential due to all the other electrons The sum of the single-
particle KS eigenvalues does not give the total electronic energy as this overcounts the effects of 
the electron-electron interaction in the Hartree energy and in the exchange-correlation energy 
EXC[ρ(r)].
9
 In practice, an initial guess for the electron density ρ(r) is taken as a starting point, 
from which a set of wavefunctions are determined by solving the one-particle Kohn-Sham 
equation. A new electron density is obtained and the process is repeated until convergence is 
reached. With the generation of the self-consistent electron density, the ion can be optionally 
relaxed to their equilibrium positions. The Hellmann-Feynman theorem allows the forces exerted 
on the ion to be calculated and the relaxation determined. 
 
2.3 Exchange-correlation functional approximations 
2.3.1 Local Density Approximation 
The simplest method of describing the exchange-correlation energy of an electron is to 
use the local density approximation (LDA).
6 
In this approximation the exchange-correlation 
energy of an electronic system is constructed by assuming that the exchange-correlation energy 
per electron at a point r in the electron gas, EXC[ρ(r)], is equal to the exchange-correlation energy 
per electron on a homogeneous electron gas that has the same density as the electron gas at point 
r. Hence,  
        rdrrrE XC
LDA
XC
3                                               (2.7) 
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where εXC[ρ(r)] is the exchange-correlation energy per particle of a uniform interacting electron 
gas density ρ(r) and is known to a very high accuracy. The LDA becomes exact when the length 
scale over which ρ(r) varies is large.10 
In the LDA at each point there exists a well defined density; it is assumed that an electron 
at such a point experiences the same many-body response by the surrounding electrons, as if the 
density of these surrounding electrons had the same value through the entire space as at the point 
of the reference electron. The exchange-correlation energy is then the integral over the 
contributions from each volume element. The LDA works very well for systems with slowly 
varying valence charge density and becomes less accurate for systems with directed chemical 
bonds. 
The LDA assumes that the exchange-correlation energy functional is purely local. 
Several parameterizations exist for the exchange-correlation energy of a homogeneous electron 
gas,
6, 11-12
 all of which lead to similar total-energy results. Considering the inexact nature of the 
approximation, it is remarkable that LDA has been so successful.
13
 The LDA appears to give a 
single well-defined global minimum for the energy of a non-spin polarized system of electrons in 
a fixed ionic potential. However, one would expect to have more than one local minimum in the 
electronic energy for magnetic materials.
13
 
The LDA offers useful predictions of electron densities, atomic positions, and vibrational 
frequencies, etc. However, errors can also be observed; for example, total energies for atoms are 
less realistic than those of the Hartree-Fock approximation
12, 14
 and binding energies are typically 
overestimated. Moreover, LDA systematically underestimates band gaps, and fails totally in 
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certain cases. For example, the calculated band gap using LDA for bulk germanium is negative, 
indicating that germanium is metallic and not a semiconductor.  
2.3.2 Generalized Gradient Approximation 
The next level of approximation is a number of non-local approximations, with a spatial 
viriation of density and they are termed as Generalized Gradient Approximations (GGAs)
15
: 
         rdrrfrE
GGA
XC
3,                                                    (2.8) 
A generalization of the GGAs for the spin-polarized systems is written as: 
                rdrrrrfrrE
GGA
XC
3,,,,                            (2.9) 
The main difference in various GGAs lies in which f[ρ(r), ρ(r)] functional is employed as 
there is no unique way to add gradients to a function. Therefore, the nature of various GGAs can 
vary to different extents due to different construction methods of the f[ρ(r),  ρ(r)] functional. In 
quantum chemistry, GGAs tend to fit parameters to test different molecular systems, while 
GGAs are mainly employed in improving exact constraints in physics. 
 
2.4 Calculations methods employed in this thesis 
There are numerous functionals employed in DFT simulations and the accuracy of these 
functionals varies for different molecules, systems and properties. Summaries of the performance 
of these functionals are complied by Kurth et al.
16
 and Adamo et al.
17
 on a number of molecules 
and materials properties. LDA tends to overestimate atomization energies, while the GGA 
functionals provide significant improvements. In particular, GGA-PBE functional is relatively 
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accurate in comparison to LDA for lattice parameters of bulk crystals, in particular for surface 
structures and adsorbate-surface interactions of transition metals.
18 
LDA gives better results for 
systems with an electronic structure that is close to a homogeneous electron gas, and is 
unsuitable for single atom or molecular systems. For most chemical systems GGA functionals do 
provide more accurate and reliable results than LDA,
19
 thus it is the main functional employed in 
this thesis.  







 achieves its speed and accuracy through using numerically exact 
atomic orbitals as the basis sets.
21-23
 The atomic basis functions are obtained from solving the 
DFT equations for individual atoms and are hence quite accurate. The high quality of these basis 
sets minimizes basis set superposition effects and allows an improved description of molecular 
polarizabilities. Hence, it is very suitable for geometry optimization for molecular clusters and 
the code is employed in calculations of related sandwich molecular clusters in Chapters 3 and 
4.
24-25
 Meanwhile, the DFT calculations for the one dimensional infinite sandwich molecular 
wires were performed using the VASP package with a plane-wave basis set.
26,27
 The projected 
augmented wave method is used to describe the interactions between the atomic core and 
electrons.
28,29
 The exchange-correlation energy was approximated by the Perdew-Burke-
Ernzenhof functional (PBE)
30
 with a plane-wave energy cutoff of 500 eV. These methods and 
computational parameters have been successfully employed in sandwich molecular nanowires in 
related studies.
31-37
 In addition, the PBE functional is employed in adsorption studies on silicon 
substrates and the results are in close agreement with experimental observations.
38-40
 Therefore, 
the PBE functional is employed to determine the properties of the SMW in chapters 3, 4 and 5. 
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Boratabenzene-Vanadium Sandwich Molecular Wire and its properties  
 
Transition metal sandwich molecular wires possess intriguing electrical and magnetic 
properties and are extensively studied as they hold promise to be materials for the next 
generation of electronic devices. Among them is the one-dimensional (1D) ferromagnetic (FM) 
vanadium-benzene sandwich molecular wire (SMW), (Bz-V)∞, which is half metallic
1-4
 and 
exhibit excellent spin filter effects.4,5 Practical applications of these molecular wires pose 
limitations due to the lack of functionality in these SMWs. To date, all reported SMWs are 
structurally made up of cyclic hydrocarbons such as benzene,
1,3,4









 and fused rings such as pentalene.
11
 The 
aromatic hydrocarbons rings are formed from strong C-C cyclic skeleton and inert C-H bonds 
around it, therefore the SMWs are unable to assemble on the substrates through chemisorption. 
To address this, the design of novel SMWs that contains the necessary reactive sites to allow the 
SMWs to anchor onto suitable insulating or semiconductor substrates is required. 
In this chapter, the structural, electronic and magnetic properties of the vanadium-
boratabenzene are explored using density functional theory (DFT) approach. Theoretical 
calculations of the novel vanadium boratabenzene (HBBz) clusters indicated that they are 
energetically stable, with the rings having a restricted degree of rotation. Antiferromagnetic 
(AFM) coupling is favored in the vanadium boratabenzene clusters as they prefer closed shell 
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electronic configurations. In addition, it’s FM metallic 1D analog shows great promise in the 
applications of molecular electronics and spintronics. 
 
3.1 Computational details 
Geometry optimizations for the clusters were performed using the generalized gradient 
approximation (GGA) scheme with Perdew-Burke-ErnzezrHof (PBE) correlation functionals
12
 





 A thermal smearing of 14 meV and a real space cutoff of 5.0 Å was 
applied. Spin unrestricted calculations were performed and the relaxations of the clusters were 
carried out without any symmetry constraints until the energy change was converged to 1.0 x 10
-
5
 eV, and the maximum force per unit cluster was below 0.01 eV/Å. For each cluster, geometry 
optimization was performed for each assigned spin state on the metal atoms. The structures with 
the lowest energy were further verified to be the true minima instead of saddle points in the 
potential energy surface by harmonic frequency calculations. 
For the 1D infinite SMW, (HBBz-V)∞, it was placed within a unit cell of 15 × 15 × c Å
3
 
which includes two vanadium atoms and two HBBz rings as shown in Figure 3.1, where c is the 
lattice constant. Lattice optimization and band structure calculations were performed using 
Vienna ab initio simulation package (VASP).
14,15
 The GGA-PBE scheme
12
 was implemented for 
electron exchange and correlation and interactions between ions and electrons were described by 
the frozen-core projector augmented wave method.
16,17
 The plane-wave basis set cutoff energy 
was 400 eV, a k-mesh of 1 x 1 x 45 within the Monkhorst k-point scheme was adopted,
18
 and the 
convergence of the Hellmann-Feynman forces was less than 0.01 eV/Å. Unit cells containing 
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three vanadium and three HBBz rings are optimized and it is found that the binding energies and 
the magnetic moment per vanadium atom do not change. Thus due to computational cost unit 
cells of two metal atoms and two heterocycles are employed in all infinite SMWs studied in this 
thesis.  
 
Figure 3.1 (a) Structure optimization model for the (HBBz-V)∞ wire with the boron atoms 
arranged in a transoid manner(neighboring B atoms rotated 180
o
). Green spheres denote 
vanadium atoms, dark grey spheres denote carbon atoms, pink spheres denote boron atoms, and 
white spheres denote hydrogen atoms. (b) Total energies of the (HBBz-V)∞ wire at the different 
conformations. 
 
3.2 Structure and properties of Vn(HBBz)n+1 clusters 
The insertion of the boron atom in the heterocycle (ie. boratabenzene, HBBz) generates 
much more conformations than those with hydrocarbon ring sandwich molecular systems, the 
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conformers being converted to one another by rotation of the rings about the axis connecting the 
centroids of HHBz rings and the vanadium atom. All possible stable conformers are considered 
during the geometry optimizations (Figure 3.2). For all of the optimized conformations, the 
transoid arrangement of boron atoms in neighboring HBBz (the neighboring boron atoms are 
rotated 180
o
 with respect to each other) for V(HBBz)2 is the most energetically stable structure. 






 from each 






 conformers, respectively. This is in good 
agreement with the reported crystal structure of bis(B-methylborabenzene) cobalt,
19
 where the 
boron atoms are in nearly parallel planar rings in a transoid arrangement and the cobalt atom 
displaced away from the boron atoms towards the opposite end of the ring. The preference for 
the transoid conformation is attributed to the repulsion of the two electropositive boron atoms in 
the neighboring boratabenzene rings as well as the central metal ions’ preference for the electron 
rich part of the ring, resulting in slippage.
20
 Selected bond distances for V(HBBz)2 in Figure 3.2 
further support this observation, where the V-B distance at 2.434 Ǻ is longer than V-C distance 
(para-C) of 2.285 Å which clearly shows the HBBz ring slippage in V(HBBz)2. The average 
binding energies (BE) for the Vn(HBBz)n+1 clusters with respect to invididual V atoms and HBBz 







System PGS Conformer (Degree of rotation of 
neighboring B atoms) 
EB / eV TMM / µB 
V(HBBz) Cs - 3.23 3.8 
V(HBBz)2 C2h 180
o
 7.75 (8.66) 2.8 
V2(HBBz)3 C2v 180
o
 7.15 0.0 
V3(HBBz)4 C1 180
o
 6.94 1.2 
V4(HBBz)5 Cs 180
o
 6.82 0.0 
V5(HBBz)6 C1 180
o
 6.75 2.4 
(VHBBz)∞ - 180
o
 6.87 1.7 per V 
atom 
Table 3.1 Point Group Symmetry (PGS), Conformer, Binding Energies per V atom (EB), and 
Total Magnetic Moment (TMM) for the half-sandwich V(HBBz), Vn(BBz)n+1 clusters (n = 1 – 5) 
and (VHBBz)∞ infinite molecular wire. The EB value in parentheses is obtained from VASP 




System PGS Conformer (Degree of rotation 
of neighboring B atoms) 
EB / eV TMM / µB 
V(HBBz)2 C2h 180
o
 7.75 2.8 
Cr(HBBz)2 C2h 90
o
 6.31 0.0 
Mn(HBBz)2 C2h 90
o
 6.15 0.0 
Fe(HBBz)2 C2h 180
o
 7.52 0.0 
Table 3.2 Point Group Symmetry (PGS), Conformer, Binding Energies per V atom (EB), and 
Total Magnetic Moment (TMM) for M(HBBz)2 (M = Fe, Mn, Cr). 
 
The high binding energies observed in the Vn(HBBz)n+1 sandwich clusters (Table 3.1) 
reflects the excellent thermodynamic stability associated with these molecules and suggests that 
syntheses of these sandwich clusters should be feasible. The equation used in determining the 
binding energies for the multidecker sandwich clusters is derived from experimental techniques 
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which employ gas phase metal atoms and ligands to synthesize the multidecker clusters. 
Optimization of several other TM(HBBz)2 (TM = Cr, Mn, Fe) clusters (Figure 3.3) produces 
similar binding energies to that of Vn(HBBz)n+1 clusters. In addition, the binding energies 
reported in this chapter (Tables 3.1 and 3.2) are comparable with that reported by Zhang et al 
where binding energies of 8.22 eV and 6.78 eV for Fe(Cp)2 and V(Cp)2 respectively, were 




 As Vn(HBBz)n+1 sandwich 
clusters elongate with increasing n, the stability of the transoid conformer is dominant for all of 
the sandwich clusters up to n = 5. The geometrical and their relative energetic parameters of 
optimized structures of Vn(HBBz)n+1 SMCs are shown in Figure 3.3. The electron configuration 
for V3(HBBz)4 (Figure 3.4) indicates that spin polarization is present in the transoid conformers, 
which reduces the energy of the SMCs. This is expected to be increasingly significant as the 
SMC elongates with increasing n, and enables the transoid conformers Vn(HBBz)n+1 SMCs to be 
the ground state. This enables the vanadium ions and the electropositive boron atoms are kept as 




Figure 3.2 Optimized structures showing different conformations of Vn(HBBz)(n+1) (n = 1 - 5). 
The labels show the symmetry and the relative energies of the clusters with respect to their 
ground state structures (0 eV) Green spheres denote vanadium atoms, dark grey spheres denote 
carbon atoms, pink spheres denote boron atoms, and white spheres denote hydrogen atoms. 




Figure 3.3 Optimized structures showing different conformations of TM(HBBz)2 (TM = Fe, Mn, 
Cr). The labels show the symmetry and the relative energies of the clusters with respect to their 
ground state structures (0 eV). Purple spheres denote the transition metal atoms (Fe, Mn, Cr), 
dark grey spheres denote carbon atoms, pink spheres denote boron atoms, and white spheres 





Figure 3.4 Molecular orbital diagram of the 180
o
 conformer of V3(HBBz)4. The numbers in 
parentheses are the population of the electrons in each molecular orbital. 
 
The magnetic properties of the sandwich clusters are investigated by calculating the 
relative energies of each spin state, the total and local magnetic moments for the Vn(HBBz)n+1 
clusters, which are shown in Table 3.3. The ferrimagnetic (FiM) and antiferromagnetic states 
(AFM) are the preferred ground states for Vn(HBBz)n+1  clusters where n is odd and even, 
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respectively, as the SMCs prefer to form close shell electronic configurations. Therefore for 
Vn(HBBz)n+1  clusters where n is odd, they exhibit FiM due to odd number of vanadium atoms. 
In contrast, for Vn(Bz)n+1 SMCs (n = 1 to 5)
21
 FM is favored for the ground state. The local 
magnetic moments (LMMs) for the vanadium atoms in the clusters are of non-integer values. 
Stronger spin coupling between metal atoms in Vn(HBBz)n+1 clusters is observed in the presence 
of the boron heteroatoms, which can be further verified based on its charge density difference 
plot (Figure 3.5) in the infinite SMW. Hence, the total magnetic moments (TMMs), unlike in 
Vn(Bz)n+1 SMCs, do not show a linear increment with increasing n though the vanadium atoms 
predominate the magnetic moment. BBz is aromatic but the boron atom has an empty σ orbital, 
which requires an extra electron when it is bonded to the hydrogen atom. Therefore, the HBBz 
ring tends to capture one additional electron from the vanadium atom to form a planar aromatic 
HBBz
-
 which appears zero-spin and is diamagnetic. In the VHBBz half-sandwich, the vanadium 
atom donates one electron to the HBBz ring, leaving four of the 3d electrons aligned parallel and 
unpaired, which gives the vanadium atom a magnetic moment of 3.71 µB. Similarly, in 
V(HBBz)2, the vanadium atom transfers one electron to each HBBz ring, giving three unpaired 
3d electrons and a reduced magnetic moment of 2.71 µB. The charge transfer indicates that the 
chemical bonding in Vn(HBBz)n+1 SMCs to be mainly ionic, which is similar to the (Cp-TM)∞ 
wire
2
 and is further supported by the the spin density diagrams of V(HBBz)2 and V2(HBBz)3 
where HBBz rings show negligible spin density (Figure 3.6). Meanwhile, we note that the 
LMMs of HBBz rings consist of small non-zero spins. Zhang et al. have reported that in 
Eun(COT)n+1 sandwich clusters, small non-zero magnetic moments are located at the internal and 
terminal COT rings, which indicate weak covalent interactions within Eun(COT)n+1 clusters.
10 
The small non-zero LMMs in HBBz rings and the charge transfer from V atoms to HBBz rings 
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in Vn(HBBz)n+1 SMCs suggests that the bond between the vanadium ions and HBBz rings in the 
SMCs is an extremely strong hybrid type of covalent-ionic interactions, which are similar to 
Eun(COT)n+1 clusters.
10
 These hybrid interactions are mainly present in the interior segment of 
the SMCs, where the internal bond distances between the vanadium atom and the HBBz ring are 
shorter than the terminal ones (Figure 3.2). The weak covalent interactions can be attributed to 
the π-d interactions between the HBBz rings and vanadium atoms in the SMCs. The clusters are 
capped by diamagnetic HBBz rings, where their spins are negligible and the interactions between 
the terminal HBBz rings and vanadium atoms are purely ionic. The hybrid covalent-ionic 
behavior is further supported by the high binding energies in the formation of the clusters as 





















1,1 - PM 3.80 ↑ - 0.09 3.71 
         1,2 180 PM 2.77 ↑ - 0.03 2.71 0.03 
        
                 2,3 180 FM 3.59 0↑0↑↓ 20.1 -0.01 1.93 -0.01 1.93 -0.25 
      
  
AFM -0.04 0↑0↓0 0.0 0.00 1.95 -0.04 -1.95 0.00 
      
                 3,4 180 FM 5.15 0↑↓↑↓↑0 39.0 -0.01 2.01 -0.18 1.51 -0.18 2.01 -0.01 
    
  
FiM 1 2.33 0↑0↓0↑0 72.1 -0.04 1.91 -0.01 -1.39 -0.01 1.91 -0.04 
    
  
FiM 2 1.22 0↑↓↑0↓0 0.0 0.00 2.06 -0.27 1.41 0.09 -2.09 0.02 
    
                 4,5 180 FM  6.56 0↑↓↑↓↑↓↑0 28.9 -0.01 2.03 -0.22 1.53 -0.10 1.53 -0.22 2.03 -0.01 
  
  
FiM 1 3.63 0↑0↓0↑↓↑0 37.7 -0.04 1.91 0.01 -1.54 0.09 1.39 -0.25 2.06 0.00 
  
  
FiM 2 2.71 0↑↓↑↓↑0↓0 24.2 -0.01 2.02 -0.21 1.61 -0.20 1.43 0.06 -2.02 0.03 
  
  
AFM 1 0.00 0↑0↓0↑0↓0 96.7 -0.03 1.93 -0.03 -1.34 0.00 1.34 0.03 -1.93 0.03 
  
  
AFM 2 -1.12 0↓0↑↓↑0↓0 10.1 0.03 -2.01 0.05 1.51 -0.28 1.51 0.05 -2.01 0.03 
  
  
AFM 3 0.00 0↑↓↑0↓↑↓0 0.0 0.00 2.04 -0.26 1.57 0.00 -1.57 0.26 -2.04 0.00 
  
                 5,6 180 FM  7.99 0↑↓↑↓↑↓↑↓↑0 27.8 -0.01 2.02 -0.22 1.56 -0.13 1.54 -0.13 1.56 -0.22 2.02 0.00 
  
FiM 1 5.35 0↑0↓0↑↓↑↓↑0 64.7 -0.04 1.96 -0.03 -1.35 0.05 1.49 -0.17 1.59 -0.22 2.07 0.00 
  
FiM 2 4.16 0↑↓↑↓↑↓↑0↓0 23.4 0.00 2.02 -0.22 1.56 -0.13 1.63 -0.22 1.44 0.06 -2.01 0.03 
  
FiM 3 2.23 0↑0↓0↑0↓0↑0 12.8 -0.03 1.92 -0.03 -1.39 0.02 1.25 0.02 -1.39 -0.03 1.92 -0.03 
  
FiM 4 1.46 0↑↓↑↓↑0↓↑↓0 14.2 0.00 2.02 -0.21 1.60 -0.18 1.60 -0.03 -1.56 0.26 -2.04 0.00 
  
FiM 5 4.95 0↑↓↑0↓0↑↓↑0 12.2 0.00 2.06 -0.26 1.42 0.08 -1.65 0.08 1.42 -0.26 2.06 0.00 
  
FiM 6 2.39 0↑↓↑0↓↑↓0↑0 0.0 0.00 2.04 -0.27 1.51 0.04 -1.66 0.27 -1.47 -0.06 2.02 -0.03 
  
FiM 7 0.25 0↓0↑↓↑↓↑0↓0 17.8 0.03 -2.02 0.07 1.42 -0.22 1.69 -0.22 1.42 0.07 -2.02 0.03 
  
FiM 8 1.29 0↑0↓0↑↓↑0↓0 59.4 -0.04 1.89 0.01 -1.46 0.05 1.48 -0.26 1.50 0.05 -1.96 0.03 
  
FiM 9 1.34 0↑↓↑0↓0↑0↓0 76.4 0.00 2.04 -0.25 1.44 0.07 -1.47 0.00 1.37 0.02 -1.91 0.03 
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Table 3.3 Configuration of conformer(R), Electronic State (ES), Total Magnetic Moment 
(TMM), Spin Arrangement of the vanadium atoms(black arrows) and HBBz rings(red arrows, 
zero value denotes diamagnetism)(S-A), Energy Difference (ΔE) between each spin state and the 
ground state (assigned with a value of zero) and individual MMs of all assigned states for the 
V2(HBBz)3, V3(HBBz)4, V4(HBBz)5, and V5(HBBz)6 clusters. HBBz1-6 and V1-5 specify the 




Figure 3.5 Iso-surfaces of electron charge density difference for the transoid conformer of 




Light green, grey, red and orange spheres denote V, C, B, 
and H atoms, respectively. The light pink regions indicate negative electron charge transfer while 








 conformers of V2(HBBz)3. 
Green spheres denote vanadium atoms, dark grey spheres denote carbon atoms, pink spheres 
denote boron atoms, and white spheres denote hydrogen atoms, respectively.. 
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From the spin ground states of Vn(HBBz)n+1 SMCs, we observe that the vanadium atoms 
prefer to couple to one another antiferromagnetically, as shown in the ground states of 
V2(HBBz)3 and V4(HBBz)5, and FiM ground states are noted for V3(HBBz)4 and V5(HBBz)6 as 
these SMCs contain odd number of V atoms. Interestingly, though the spin ground state of 
V4(HBBz)5 is AFM, the preferred spin arrangement is observed to be ↑↑↓↓ where the V atoms 
appear to couple FM to each other. A closer inspection at the LMMs in Figure 3.3 reveals that 
the two V atoms are coupled anti-parallel to the HBBz ring sandwiched between them. The anti-
parallel V-HBBz-V coupling is also noted in V3(HBBz)4, where V1 and V2 are anti-parallel to 
HBBz2 in the cluster (Table 3.2).  When n = 2 - 5, AFM coupling is clearly evident across the 
SMCs, where the anti-parallel coupling is either between the V atoms via a diamagnetic HBBz 
ring or anti-parallel arrangement of V-HBBz-V unit in the inner segments of the cluster. As the 
HBBz
 
rings contain small non-zero spins, they are not exactly diamagnetic. Thus, the coupling 
mechanism underlying the coupling of the vanadium atoms is complex and further investigations 










   Individual MM (µB) 
System ES TMM (µB) S-A ΔE / meV HBBz1 V1 HBBz2 V2 
         
Eclipsed FM 3.52 ↑↑ 0 0.01 1.75 0.01 1.75 
 AFM 0 ↑↓ 57 0 1.42 0 -1.42 
60
o
 FM 3.62 ↑↑ 0 0.01 1.80 0.01 1.80 
 AFM 0 ↑↓ 60 0 1.43 0 -1.43 
120
o
 FM 3.59 ↑↑ 0 0.01 1.79 0.01 1.78 




(Transoid) FM 3.48 ↑↑ 0 0.01 1.73 0.01 1.73 
 AFM 0 ↑↓ 54 0 1.40 0 -1.40 
 
Table 3.4 Electronic State (ES), Total Magnetic Moment (TMM), Spin Arrangement of different 
vanadium atoms(S-A), Energy Difference (ΔE) between FM and AFM states (assigned with a 
value of zero) and individual MMs of FM and AFM state for the vanadium boratabenzene 
sandwich molecular wires in different conformations. 
 
3.3 Structure and properties of (HBBz-V)∞ SMW 
Similarly, the transoid conformation is also favored in the infinite (HBBz-V)∞ wire, 
which can clearly be observed from the binding energy vs. the angles of boron atoms displaced 
against each other (Figure 3.1). As the cluster elongates, the binding energy (per metal atom) 
decreases smoothly and approaches the value of infinite wire (Table 3.1). In addition, the 
(HBBz-V)∞ wire favors the FM state, and an energy difference falls in the range of around 54 to 
60 meV between the FM and the AFM states (Table 3.4), suggesting stable spin stability against 
thermal perturbations (26 meV at 298 K) for all considered conformations. From the band 
structure shown in Figure 3.7, the (HBBz-V)∞ infinite wire is metallic as both the spin up and 
down channels cross the Fermi level. This contrasts to an earlier report for the Cp and Bz 
analogues where both of them are predicted to be half metallic.
2
 The 3d orbitals of (Cp-V)∞ and 
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(Bz-V)∞, with local symmetry of D5h and D6h respectively, are split into an a1 orbital and two 
double degenerate sets of e2 and e1 orbitals.
2
 The degeneracy in the sets of e2 and e1 orbitals is 
removed as (HBBz-V)∞ has a lower local symmetry of C2h, resulting in the splitting of the bands. 





 and dxy bands (HBBz-V)∞ to be raised and cross the Fermi level in the spin up channel 
(Figure 3.7), whereas the e2 band in (Cp-V)∞ remains below the Fermi level and is just above the 
Fermi level in (Bz-V)∞ for the spin up channels.
2
 With the spin down channels of the three 
infinite SMWs crossing the Fermi level, (Cp-V)∞ displays half metallic behavior, while (Bz-V)∞ 
is quasi half metallic, and (HBBz-V)∞ is metallic. The bonding interactions between the Cp/Bz 
ligands and the vanadium atoms in the SMWs are also reported to be significantly different.
2
 In 
(Cp-V)∞, one valence electron of the vanadium atom is transferred to the Cp ring, affording an 
ionic structure between V
+
 and the stable, planar and aromatic Cp
-
, which obeys the Hückel rule. 
In (Bz-V)∞, the neutral, aromatic Bz ligand is already energetically stable, thus no electron 
transfer is observed from the vanadium atom to Bz, which is verified from their charge density 
difference (CDD) plots and the bonding is mainly covalent.
1 
For (HBBz-V)∞, the bonding 
interactions would be expected to be similar to that in (Cp-V)∞ as a HBBz ring is expected to 
accept an electron from a neighboring vanadium atom but this electron is filled into σ orbital of 
boron atom, which is identical to the bonding described in the Vn(HBBz)n+1 SMCs as mentioned 
earlier. Indeed, this is reflected in the electron CCD analysis of (HBBz-V)∞ wire as indicated in 
Figure 3.5. From the CCD plot, it is evident that the SMW is formed via significant electron 




 which are bonded through ionic 





 This is further supported by the large binding energies (Table 3.1) observed in both the 
clusters and the infinite wires. 
 
Figure 3.7 Spin polarized band structure of (HBBz-V)∞ for the transoid conformer. The Fermi 







The magnetic moments of the infinite wires (Table 3.4) are relatively constant for all 
conformers, thus the rotation of the HBBz rings has no effect on the magnetic properties of the 
wires, though the rings are expected to experience restricted degrees of rotation (Table 2). The 
calculated LMM of each vanadium atom in the SMW for the FM state is 1.73 µB. In comparison, 
the LMM of each vanadium atom in (Bz-TM)∞ and (Cp-TM)∞ are 1 and 2 µB, respectively.
2
 The 
magnetic behavior in (HBBz-V)∞ also differs from corresponding transiton metal sandwich 
nanowires such as (Ant-TM)∞ or hybrid (CpBz-TM)∞.
2-5,23
 From the non-integral magnetic 
moments in the V atoms, it is evident that strong spin coupling occurs between the V atoms that 
extend throughout the SMW. The ferromagnetic coupling between the V
+
 ions via the 
diamagnetic HBBz
-
 rings in the SMW can thus be attributed to the superexchange mechanism. 
Though (HBBz-V)∞ and (Cp-V)∞ display different electronic properties, with the former being 
metallic and the latter half metallic, the ferromagnetism coupling in (HBBz-V)∞ and (Cp-V)∞ 
between neighboring vanadium atoms is very similar. Lastly, the possibility of Peierls transition 
in (HBBz-V)∞ is assessed as in 1D metallic structures. The partially filled energy bands may split 
into sub bands when the Fermi level crosses exactly at wavevector k = π/2c (c = lattice constant). 
Geometry optimization on a distorted initial structure (HBBz-V)∞ reverts back to the original 
sandwich form (Figure 3.1).  Furthermore, based on the band structure (Figure 3.7), the Peierls 
transition is unlikely to occur as the Fermi level intersects four bands. Interestingly, the 
introduction of heterocycles into the SMW may provide a new basis for tuning the electronic and 






 In summary, by means of density functional theory calculations, we have reported for the 
first time on the structural, energetic, electronic and magnetic properties of SMCs and SMW 
containing boron substituted heterocyclic ligands. All of the Vn(HBBz)n+1 SMCs and the 
(VHBBz)∞ SMW are energetically most stable in the transoid configuration for the neighboring 
boron atoms. The bonding between HBBz and V is mainly ionic in the SMW, where one valence 




 ionic arrangement. 
The vanadium ions exhibit non-integer LMMs due to strong spin coupling between the vanadium 
ions, whereas the HBBz rings are diamagnetic. In the SMCs the vanadium atoms prefer to couple 
in an antiparallel manner, favoring AFM coupling for even values of n and ferrimagnetic 
coupling for odd values of n. In contrast to the SMW, the SMCs exhibit a hybrid covalent-ionic 
type of bonding. As the multidecker wire extends over to the infinite SMW, FM coupling is 
favored via the superexchange mechanism, mediated by neighboring diamagnetic HBBz rings. In 
addition, the infinite SMW displays metallic behavior, paving the way for these conductive wires 
to be assembled on suitable surfaces. Most importantly, the insertion of heteroatoms into the 
rings opens new pathways for tuning the electronic properties of the multidecker SMWs and this 
shows promising application as new generation of molecular electronics. 
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Silacyclopentadiene-Metal Multidecker Sandwich Molecular Wires  
 
A major challenge with these compounds and their infinite wires is associated to their 
inability to strongly adsorb onto suitable surfaces since the aromatic hydrocarbons are very inert; 
even as the repeat unit matches the surface lattice constant there are no functional atoms to 
facilitate surface absorption. By substituting one of the carbon atoms with a heavier congener 
(Si, Ge, Sn or Pb), the SMWs can be anchored onto semiconductor substrates. For example, 
Si
Cp 
is able to adsorb on silicon surfaces by forming Si-Si bonds and retains the desired properties 
that are observed in the standalone SMWs. Complexes featuring the heavy analogue of the 
cyclopentadienyl ligand were first reported by Tilley et al.
1,2
 in the mid-1990s and since then had 
received much interest as reported in recent reviews.
3,4
 Thus, the syntheses of multidecker 
sandwich compounds incorporating these heterocyclic ligands should be achievable. In this 
chapter, a theoretical study of the electronic and magnetic properties of four 
heterocyclopentadienyl multidecker transition metal SMWs, (
X
Cp-M)∞, M = V, Cr, Mn, Fe, X = 
Si, Ge), is presented. (
Si
Cp-Cr)∞ is ferromagnetic and half metallic, while (
Si
Cp-V)∞ is 





ferromagnetic(FM) semiconductors. Alternate stacking of 
Ge
Cp rings and metal atoms to form 
(
Ge
Cp-M)∞ SMWs are not favored as the germanium atoms adopt a high degree of pyramidality 
and are sp
3
 hybridized. The non-planarity of the germanium atom with the four carbon atoms in 
Ge
Cp rings prevents the formation of linear (
X
Cp-M)∞ SMWs.  
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4.1 Computational Details 




Cp)n+1 (X= Si, Ge, M = V, 
Fe,  n = 1 - 4) sandwich molecular clusters (SMCs) were performed using the generalized 
gradient approximation (GGA) scheme with Perdew-Burke-Ernzerhof (PBE) correlation 
functionals
5
 and all-electron numerical basis set with polarization functions (DNP basis set) as 




 A real space cutoff of 5.0 Å was applied. Spin unrestricted 
calculations were performed and the relaxations of the clusters were carried out until the energy 
change was converged to 1.0 x 10
-5
 eV, and the maximum force in the clusters was below 0.01 
eV/Å. The ground state structures were further verified by harmonic frequency calculations. 
Spin-polarized calculations were performed for infinite SMWs using the Vienna ab initio 
simulation package (VASP) within the framework of the density functional theory (DFT). The 
GGA-PBE functional
5
 and the projector augmented wave potential
7,8 
with a cutoff energy of 500 
eV were used to describe the exchange-correlation energy and the electron-ion interaction, 
respectively. We adopted a unit cell of 15 × 15 × c for the isolated SMW (Figure 4.1), where c is 
the lattice constant and the distance between two adjacent SMWs is more than 10 Å to ensure 
that the interactions between the two SMWs can be negligible. A k-mesh of 1 × 1 × 45 was used 
to sample the Brillouin zone. All ions in the periodic cells are optimized without any constraint 




Figure 4.1 Structural model for an infinite (
Si
Cp-TM)∞ SMW with eclipsed conformation. 
Yellow spheres denote silicon atoms, grey atoms denote carbon atoms, white atoms denote 






Cp)n+1 sandwich molecular clusters 
The substitution of a heteroatom into the cyclopentadienyl ring reduces molecular 
symmetry and produces numerous conformations in the sandwich complexes, and the 
conformers are generated through rotating the heterocyclopentadienyl rings about the principal 
axis (Figure 4.2). Hence, geometry optimizations are first performed on multidecker hetero-
cyclopentadienyl molecular complexes and multidecker sandwich molecular clusters of iron and 
vanadium, TMn(
Si
Cp)n+1 (TM = Fe, V, n = 1 – 4) since their cyclopentadienyl and benzene 
analogues are extensively studied.
9-12





Cp)2 is expected to be freely rotating under ambient conditions, as indicated 




Figure 4.2 Optimized structures showing different conformations of Fen(
Si
Cp)n+1 (n = 1 - 4). The 
labels show the symmetry and the relative energies of the clusters with respect to their ground 






Figure 4.3 Optimized structures showing different conformations of Vn(
Si
Cp)n+1 (n = 1 - 4). The 
labels show the symmetry and the relative energies of the clusters with respect to their ground 
state structures (0 eV) White, grey, orange, and green spheres denote H, C, Si, and V atoms, 
respectively. 
 
Goldfuss and Schleyer have reported on the RPM2(fc)/6-31+G** level pyramidal 
ground-state geometries around the silicon atom in the 
Si
Cp anion that results in poor 
conjugation, and the planar C2v structures are the transition states, and the silicon environment 
exhibits decreased pyramidality when the 
Si




 The equalized C1-
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Cp)2 (Figure 4.4 and 




 which indicates π 
electron delocalization in the four carbon atoms in the 
Si
Cp rings. The 
Si
Cp rings are planar as the 




Cp)2 and the silicon atoms are sp
2
 hybridized; whereas the 
silicon atoms are slightly more pyramidal in V(
Si
Cp)2 (angle sum at silicon = 338.7
o
). The planar 
geometry of the 
Si





Cp)2 to be similar to that in ferrocene and vanadocene, respectively. The 
calculated M-Si, Fe-C bond distances show η5-coordination of the metal atoms to both SiCp 
ligands (Figure 4.4), which means that the iron atom are coordinated to all the atoms in the five 
membered SiCp rings. This further supports the coordination mode to be similar to that in 
Fe(Cp)2.  
 
Figure 4.4 Optimized structure of the eclipsed conformer of the Fe(
Si
Cp)2 molecule with selected 




Figure 4.5 Optimized structure of the 144
o
 conformer of the V(
Si
Cp)2 molecule with selected 




Cp)n+1 sandwich molecular clusters (SMCs) elongate linearly and increase in 
length, the eclipsed conformers are energetically most stable from n = 1 - 3, beyond which for n 
= 4 the cluster shows a large extent of distortion from linearity (Figure 4.2) and suggests that the 
SMCs are unstable to stack in multidecker sandwich form for n > 4. On the other hand in 
Vn(
Si
Cp)n+1 SMCs, the most stable cluster for n = 1 - 3 shows coplanarity between the silicon 
atoms and the carbon atoms in the 
Si
Cp rings, and the SMC displays similar distortion from 
linearity to that in Fen(
Si
Cp)n+1 SMCs. This suggests that the formation of multidecker 
Si
Cp 
SMCs are not likely to be favorable for values of n larger than 3 and experimentally they are 
unlikely to be favored to be stacked in a multidecker sandwich form. The distortion from 
planarity for the 
Si
Cp rings is attributed to the larger 3p orbital in the Si atom that forms poor 
overlap with the 2p orbitals from the four carbon atoms. The aromaticity in the SiCp rings is 
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disrupted as the silicon atoms are in a pyramidal local geometry, leading to non-linear stacking in 
the SMCs. 
The local magnetic moments of iron atoms and 
Si
Cp rings in Fen(
Si
Cp)n+1 SMCs are zero, 
and therefore these SMCs are diamagnetic. On the contrary, the magnetic moments of 
Vn(
Si
Cp)n+1 clusters reveal AFM coupling throughout the SMCs (Table 4.1), where the vanadium 
atoms couple to each other antiferrmagnetically via a diamagnetic 
Si
Cp ring or an antiparallel V-
Si
Cp-V unit in the inner segments of the SMCs. The preference for AFM coupling in the 
Vn(
Si
Cp)n+1 clusters is similar to that in Vn(HBBz)n+1
14
 and Eun(COT)n+1 clusters,
15
 indicating a 
strong hybrid type of covalent-ionic interactions that extends throughout the SMCs. As the local 
magnetic moments of the vanadium atoms are of non-integer values, it is unlikely that the 
vanadium atoms couple only through the superexchange mechanism.
16
 The mechanism of the 






      
  
Individual Magnetic Moment 
System 
 relative 
position of Si 
atoms ES  
Energy diff / 
meV S-A 
TMM / 
μB SiCp1 V1 SiCp2 V2 SiCp3 V3 SiCp4 V4 SiCp5 




0↑ 3.72 0.05 3.67 
       
               1,2 E P 
 
0↑0 2.78 -0.01 2.80 -0.01 
      
               2,3 180 FM 57 0↑↓↑0 4.28 -0.03 2.54 -0.30 2.11 -0.04 
    
  
AFM 0 0↑0↓0 0.69 -0.05 2.62 0.09 -2.03 0.06 
    
               
 
E FM 95 0↑↓↑0 3.28 -0.08 1.77 -0.1 1.77 -0.08 
    
  
AFM 0 0↑0↓0 0 -0.07 2.05 0 -2.05 0.07 
    
               3,4 E FM 198 0↑↓↑↓↑0 4.28 -0.08 1.77 -0.13 1.15 -0.14 1.78 -0.07 
  
  
FiM 1 0 0↑0↓0↑0 1.11 -0.08 1.93 -0.03 -2.53 -0.03 1.93 -0.08 
  
  
FiM 2 168 0↑↓↑0↓0 1.4 -0.08 1.80 -0.13 1.60 0 -1.87 0.08 
  
               4,5 E FM 0 0↑↓↑↓↑↓↑0 5.85 -0.07 1.83 -0.13 1.37 -0.15 1.37 -0.13 1.83 -0.07 
  
FiM 1 0 0↑0↓0↑↓↑0 3.40 -0.07 1.93 0.01 -1.68 0.02 1.57 -0.14 1.83 -0.07 
  
FiM 2 0 0↑↓↑↓↑0↓0 2.52 -0.07 1.82 -0.13 1.26 -0.16 1.65 0 -1.92 0.07 
  
AFM 1 0 0↑0↓0↑0↓0 0 -0.07 1.93 0.02 -1.71 0 1.71 -0.02 -1.93 0.07 
  
AFM 2 0 0↑0↓↓↓0↑0 0.16 -0.07 1.91 0 -1.65 0.16 -1.65 0 1.91 -0.07 
  
AFM 3 0 0↑↓↑0↓↓↓0 0 -0.07 1.84 -0.13 1.50 0 -1.50 0.13 -1.84 0.07 
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Table 4.1 Configuration of conformer, Electronic State (ES), Total Magnetic Moment (TMM), 
Spin Arrangement of the vanadium atoms(black arrows) and 
Si
Cp rings(red arrows, zero value 
denotes diamagnetism)(S-A), Energy Difference (ΔE) between each spin state and the ground 









Cp1-5 and V1-4 specify the 
Si
Cp rings and V atoms 




Cp-M)∞ sandwich molecular wires 
Geometry optimizations on the (
Si
Cp-M)∞ SMWs (Figure 4.1) were performed by 
considering only the eclipsed conformation as this conformer is structurally useful for assembly 
on substrates, and the calculated results are summarized in Table 4.2. The binding energies of 
(
Si
Cp-M)∞ vary from 4.29 eV to 6.35 eV, which are significantly larger than that of (Cp-M)∞ 
analogues,
17
 indicating that the (
Si
Cp-M)∞ wires are of high stability and syntheses of these 







Cp-Fe)∞ are FM, (
Si
Cp-V)∞ is AFM ordered in the ground state. Incidentally, (
Si
Cp-
Cr)∞ displays similar properties to that of (Cp-Cr)∞, displaying half metallic character and their 









Table 4.2 Optimized lattice constant (c), Electronic ground state (EGS), Binding energy (Eb) for 
the ground state, the energy difference between the ferromagnetic and antiferromagnetic state 
(ΔE), and the magnetic moment per metal atom in an unit cell (M.M.). Eb = EM + ESiCp – ESMW 
where EM, ESiCp and ESMW are total energies of the metal atom, 
Si
Cp ring and the sandwich 
molecular wire, respectively. ΔE = EFM – EAFM, columns with dashes indicate that the AFM state 
is unstable. 









 3.78 FM-HM 4.25 -254 2.0 
(V
 Si
Cp)∞ 3.62 AFM-SC 6.35 81 0 
(Cr
 Si
Cp)∞ 3.40 FM-HM 4.46 - 1.0 
(Mn
 Si
Cp)∞ 3.78 FM-SC 4.29 -574 3.7, 0.3 
(Fe
 Si











Cp-Mn)∞ and (d) (
Si
Cp-Fe)∞ respectively.. The Fermi level is set to zero. 
 
The band structures of (
Si
Cp-TM)∞ SMWs in Figure 4.6 indicates an interesting trend. For 
(Cp-TM)∞, which have D5h structural symmetry, the 3d orbitals of the transition metals split into 
an a1 orbital and two sets of doubly degenerate e1 and e2 orbitals.
17
 The inclusion of the silicon 
atom into the Cp ring in (
Si
Cp-TM)∞ results in lower structural symmetry (C2v) and lifts the 
degeneracy in both sets of e1 and e2 orbitals. In (Cp-V)∞, the e2 band in the spin up channel is 
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semiconducting while it crosses the Fermi level in the spin down channel, resulting in half 
metallicity.
17
 Though the FM state of (
Si
Cp-V)∞ is less stable than the AFM state by 81 meV per 
vanadium atom, the band structure reveals that the SMW is metallic (Figure 4.6), which contrasts 




 band in (
Si
Cp-
V)∞ crosses the Fermi level in both spin channels. This can be attributed to the spin polarization 
induced by the silicon heteroatom in the 
Si
Cp ligands, which corroborates to an earlier report of 




Cp-TM)∞ SMWs are half metallic with 
Cr, while Mn and Fe analogues are semiconducting with band gaps observed, respectively, 
where the spin polarization increases with increasing 3d electrons in the metal atoms. The 





 band from V to Fe, where the band is lower in energy in the spin up channel when 
compared against the spin down channel. For (
Si
Cp-V)∞, it is the only band that crosses the Fermi 






 band crosses the Fermi level only in 









 bands are below the Fermi level and 
hence these two SMWs are semiconducting.  
The iso-surface of electron charge density difference (CDD) of (
Si
Cp-TM)∞ (Figure 4.7) 
shows the electron charge transfer from V to
 Si
Cp ring. However, the extent of the electron 







are formed, and they stack to afford the infinite SMW. Meanwhile, the 
Si
Cp rings in the SMW 
are almost diamagnetic with small non-zero magnetic moments, which further supports the 
formation of an alternating ionic arrangement. Additionally, the FM coupling in (
Si
Cp-Cr)∞ is 
unlikely to be due to the superexchange coupling
16









 ions. The π electron delocalization extends throughout the coplanar 
carbon and silicon atoms; this is supported by the observed planarity of the silicon atoms with 




Cp)n+1 clusters.  
 
Figure 4.7 Iso-surfaces of electron charge density difference for the eclipsed conformer of (
Si
Cp-




 Grey, red, orange and light green spheres denote H, C, Si, and 
M atoms, respectively. The light blue regions indicate negative electron charge transfer while the 




Figure 4.8 Iso-surfaces of electron charge density difference for the eclipsed conformer of (a) 
(Cp-V)∞
17
 and (b) (
Si




Green, red, and orange 
spheres denote V, C, and H atoms, respectively in (Cp-V)∞. Grey, red, orange and light green 
spheres denote H, C, Si, and V atoms, respectively in (
Si
Cp-V)∞. The light blue regions indicate 
negative electron charge transfer while the yellow regions indicate positive electron charge 
transfer, respectively. 
 
Coupling through the double-exchange mechanism
18 
can be negligible, as confirmed from 
the integer values in the magnetic moments on the chromium atoms (Table 4.2). Interestingly, 
the magnetic moments of the iron atoms in (
Si
Cp-Fe)∞ are slightly different from each other (0.93 
and 1.15 µB), while the manganese atoms in (
Si
Cp-Mn)∞ consist of alternating values of 3.68 and 
0.25 µB, respectively. The CDD of (
Si
Cp-Mn)∞ (Figure 4.7) reveals that the electron charge 
transfer of one manganese atom is much lesser than the other, which further supports the 





Cp-Mn)∞ show distortion of linearity in the SMW, which can be explained by 
the Peierls transition. The periodic SMWs undergo distortion and lower the local symmetry, 
resulting in the deviation of magnetic moments from each other in the unit cell and different 
extent of electron charge transfer from each metal atom to the 
Si
Cp rings(Figure 4.7). Geometry 




Cp-Mn)∞ SMWs result in slight 
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distortion from planarity in the 
Si





Mn)∞, while the bond distances between M and 
Si









Cp-Cr)∞ SMWs revert back 
to the original sandwich form (Figure 4.1) and indicate the absence of Peierls transition. From 
the four SMWs studied, the Peierls transition occurs for SMWs when the valence electrons of the 
transition metal is more than six, which contrasts to (Cp-M)∞ (M = V, Cr, Fe) SMWs where no 




4.4 Germacyclopentadienyl sandwich molecular clusters and infinite nanowires 
Lastly, the replacement of the heteroatom with the next congener, germanium, into the 




Cp)2 indicate a 
large degree of pyramidality in the germanium atoms, and strongly suggest that the germanium 
atoms are sp
3
 hybridized and the lack of delocalization with the π system in the butadiene moiety 
(Figure 4.9). The most stable conformers for each of the Fen(
Ge
Cp)n+1 clusters (n = 1 – 3) show 
pyramidality at the germanium atoms and the Ge-H bonds bent towards the iron atoms (Figure 
4.9). Similarly, pyramidality of the germanium atom is noted in most of the Vn(
Ge
Cp)n+1 SMCs, 
which results in large degrees of distortion from planarity observed in most of the conformers in 
the SMCs.  
The lowest unoccupied molecular orbitals (LUMO) of Fen(
Ge
Cp)n+1 clusters show 
significant contribution from the p orbitals of the germanium atoms and almost negligible 
contribution from the p orbitals of carbon, which further supports the delocalization of π 
electrons to be confined mainly to the carbon atoms (Figure A4.1). Freeman et al. reported on the 
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synthesis of an iron complex in which two germacyclopentadienyl ligands sandwiched the 
central iron atom and the germanium atoms were observed to be coplanar with the butadiene 
moiety. However, the germanium atoms are displaced 72
o
 away from each other about the 
principle axis around the iron atom and are stabilized by the presence of bulky groups (-
Si(SiMe3)3).
19
 The presence of the bulky groups, which are essential in stabilizing the ligand, are 
likely to hinder the formation of multidecker sandwich clusters. Local magnetic moments of 
vanadium and 
Ge
Cp rings in Vn(
Ge
Cp)n+1 SMCs reveal a similar AFM coupling manner observed 
in Vn(
Si
Cp)n+1 SMCs, where the vanadium atoms either couple antiferromagnetically to one 
another or with a 
Ge
Cp ring of opposite spin, as the SMCs adopt a closed shell electronic 
configuration. The vanadium atoms are likely to couple in a complex coupling mechanism which 
includes both the double-exchange and superexchange couplings. The pyramidality geometry of 




Cp)n+1 clusters suggests that the stacking and 
forming of linear multidecker sandwich clusters is not favored. Hence, we believe that 
experimental feasibility on the formation of the (
Ge












Figure 4.9 Optimized structures showing different conformations of Mn(
Ge
Cp)n+1 (M = Fe, V, n = 1 - 3). The labels show the 
symmetry and the relative energies of the clusters with respect to their ground state structures (0 eV) White, grey, green, bluish green 
and purple spheres denote H, C, Ge, V and Fe atoms, respectively. 
 
      
Individual Magnetic Moment  
System 
relative position of Ge 
atoms ES 
Energy diff 
/ meV S. A. 
TMM / 
μB GeCp1 V1 GeCp2 V2 GeCp3 V3 GeCp4 
             1,1  
   
0↑ 2.36 -0.09 2.45 
     
             1,2 E 
 
482 0↑0 2.47 -0.02 2.49 0 




0 0↑0 0 0 0 0 




528 0↑0 2.21 0.06 2.18 -0.03 




112 0↑0 1.36 -0.08 1.52 -0.08 
    
             2,3 E FM 21 0↑↓↑0 3.82 -0.03 1.92 -0.12 2.03 0.02 
  
  
AFM 0 0↑0↓0 -0.31 -0.03 1.91 -0.09 -2.08 -0.02 
  
             3,4 E FM 0 0↑↓↑↓↑0 6.07 -0.02 2.24 -0.28 2.3 -0.11 1.97 -0.03 
  
FiM 1 4561 0↑0↓0↑0 1.93 -0.05 1.85 0.05 -1.8 0.06 1.86 -0.04 
  
FiM 2 4609 0↑0↑0↓0 1.56 -0.04 1.78 -0.09 1.75 -0.04 -1.84 0.04 
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Table 4.3 Configuration of conformer, Electronic State (ES), Total Magnetic Moment (TMM), 
Spin Arrangement of the vanadium atoms(black arrows) and 
Ge
Cp rings(red arrows, zero value 
denotes diamagnetism)(S-A), Energy Difference (ΔE) between each spin state and the ground 







Cp1-4 and V1-3 specify the 
Ge
Cp rings and V atoms respectively from 
one end to the other end of the cluster. 
 
4.5 Conclusion 





Cp)n+1 SMCs is favorable for n = 1 - 3. The Vn(
Si
Cp)n+1 SMCs favor AFM coupling while 
the Fen(
Si
Cp)n+1 SMCs are diamagnetic. The FM states of infinite 
Si
Cp SMWs of V, Cr, Mn and 
Fe change from metallic in (
Si
Cp-V)∞, to half metallic in (
Si





Cp-Fe)∞. Peierls distortion is observed in the (
Si
Cp-TM)∞ 
SMWs when the transition metals are manganese and beyond in the 3d series. Formation of 
(
Ge







Cp)n+1 SMCs. The (
Si
Cp-TM)∞ SMWs, which incorporate 
reactive sites for adsorption on substrates, would pave the way for the development of a new 
frontier, leading to novel spintronic materials and molecular switches.  
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Silacyclopentadienyl-Transition Metal Multidecker Sandwich Molecular 
Wires on H-passivated Si(100) surface 
 
 With the progressive miniaturization of current electronic devices, molecules or atomic 
clusters will be the eventual building blocks for future generations of electronic and magnetic 
devices. The crucial part of achieving this goal lies in the fabrication and assembly of conductive 
and magnetic molecules or clusters on semiconducting or insulating substrates
1
. One major 
problem for functional units such as molecules, clusters, oligomers or polymers with desirable 
properties is that they do not possess reactive functional groups to allow them to bind strongly 
onto substrates. On the contrary, molecular structures with functional groups that can strongly 
adsorb on the substrates typically exhibit poor electrical conductivity, as charge carriers tend to 
localize at these functional groups. Thus, the search for a robust matching functional unit to the 
appropriate substrate remains elusive. 
 Linear one-dimensional infinite sandwich molecular wires (SMW) have attracted 
increasing attention. Modification of ring ligands in the SMWs to include boron, silicon and 
germanium heterocycles as described in detail in Chapters 3 and 4 provides the essential reactive 
centers to bind onto silicon substrates. Thereafter these modified SMWs can be assembled on 
substrates such as H-passivated Si(001) surface as the dangling bonds can be generated by 









Cp-Mn)∞ on the 
H-passivated Si(001) surface is investigated as the distance between two 
Si
Cp rings in these two 
standalone SMWs are close to the lattice constant of Si(001) surface. The electronic and 
magnetic properties of the (
Si
Cp-TM)∞ (TM = V, Mn) SMWs are not significantly affected by the 
substrate upon adsorption. The electron charge transfer is mainly localized to the transfer from 
the the metal atoms to the 
Si
Cp ring ligands and the surface silicon atoms. Most importantly, the 
adsorbed SMWs are FM in nature and reveal metallic characteristics, which enable them to be 
potential candidates for future assembly of conductive molecular wires on semiconducting 
substrates. 
 
5.1 Computational details 
The model of (
Cp
Si-TM)∞ (M = V, Mn) absorbed on H-Si(100) along the [100] direction 
is shown in Figure 5.1, where a periodic cell, including two absorbed 
Si
Cp rings, two metal atoms 
and eight silicon layers is used for geometry optimization. The dangling bonds of Si at the 
bottom surface are saturated by hydrogen to simulate bulk silicon. The vacuum above the H-
Si(100) surface is more than 20 Å thick, and the distance between molecular wires in 
neighboring supercells is more than 15 Å. Structural optimizations for all structures are 
performed using the Vienna ab initio simulation package (VASP)
4,5 
without any constraint. The 
generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
6
 scheme was 
adopted for the exchange-correlation potential. The projector-augmented wave (PAW) is used to 
describe the interaction between ions and electron.
7 
The cutoff energy is set at 500 eV and a k-




Figure 5.1 (a) A side view and (b) front view of (
Cp
Si-TM)∞ (M = V, Mn) absorbed on H-
Si(100) along the [100] direction. The dotted box indicates the periodic cell that is utilized in 
geometry optimizations. Yellow, gray, green and small white balls represent Si, C, M and H 
respectively. 
 
5.2 Adsorption of (
Si
Cp-V)∞ SMW on Si(100)-H surface 
 The hydrogen passivated Si(100) surface is a semiconducting substrate and the surface H 
atoms can be removed by feedback controlled lithography (FCL). Silicon dangling bonds are 





Mn)∞ provide the reactive sites for the SMWs to adsorb and assemble on the substrate through 
the formation of Si-Si bonds. Thus, the formation of the SMWs on the surface should be 
experimentally achievable. The distance between two Si atoms with the dangling bonds on the 
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Si(100) surface is about 3.86 Å, where the spacing is longer than the optimized distance between 
two 
Si
Cp rings in (
Si
Cp-V)∞, which is 3.62 Å. The difference in spacing can allow room for the 
insertion of V atoms during the assembly of (
Si
Cp-V)∞ on the substrate. The calculations in 
chapter 4 reveal that the AFM state is 81 meV lower than the FM state in the standalone eclipsed 
(
Si
Cp-V)∞ SMW. The AFM state is semiconducting, while the FM state displays metallic 
behavior. When the (
Si
Cp-V)∞ SMW is stretched to match the lattice constant of the Si surface, 
the FM state becomes energetically more favored. The metallic feature is retained; however there 




Figure 5.2 Band structure indicating the spin up (left) and spin down channels (right) of (
Si
Cp-
V)∞ along [001] direction on H-Si(100) surface. The Fermi level is set to zero. 
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The magnetic moments of the V atoms in the adsorbed SMW are 0.29 and 0.57 µB, 
respectively, and are significantly lower than the V atoms in the standalone (
Si
Cp-V)∞ SMW, 
which has a value of 1.36 µB per V atom in the FM state.  The reduction in the magnetic moment 
in the V atoms can be attributed to the electron transfer from the vanadium atoms to the 
Si
Cp 
rings and the silicon surface atoms that are chemically bonded to 
Si
Cp rings. This can be verified 
from the change in density of states of the adsorbed SMW on the substrate. From the 3p 
projected density of states (pDOS) and the total DOS of the silicon atoms in the 
Si
Cp rings and 
the surface atoms that are bonded to the 
Si
Cp rings, the presence of the vanadium atoms induces 
spin polarization and results in the DOS of the silicon atoms to shift to lower energies and cross 
the Fermi level (Figure 5.3). From the band structure (Figure 5.2), the band which crosses both 
the spin up and spin down channels is likely to be due to the 3p of the silicon atoms, which 
corroborates the crossing of the Fermi level in the 3p pDOS of the silicon atoms. The presence of 
states in the total DOS of the vanadium atoms near the Fermi level in Figure 5.4 corroborates to 
the metallic feature observed in the band structure for the adsorbed (
Si
Cp-V)∞ on Si(100). The 
coupling between the vanadium atoms occurs through a complex coupling mechanism that 
includes double exchange and superexchange coupling, which further decreases the local 
magnetic moments of the vanadium atoms. In addition, the charge density difference (CDD) plot 
(Figure 5.5) of the adsorbed (
Si
Cp-V)∞ on Si(100) indicates significant electron transfer from the 
vanadium atoms to 
Si
Cp and the surface silicon atoms that are chemically bonded to the 
Si
Cp 
rings as there is a net increase in electron density in these atoms. No significant electron or hole 
doping is observed from the adsorbed SMW to the bulk silicon substrate, as evident from 
negligible electron charge transfer in the bulk Si. Hence, the adsorption of (
Si
Cp-V)∞ on the 




Cp rings, and does not affect the properties of the substrate. The geometry of the adsorbed 
Si
Cp 
rings is planar and the rings are in an upright array after optimization, clearly showing no Peierls 







Figure 5.3 3p projected DOS (pDOS) and the total DOS of the silicon atoms in 
Si
Cp and on the 
surface, respectively. The Fermi level is set to zero. White, grey, yellow, and green spheres 
denote H, C, Si, and V atoms, respectively. 
 
 
Figure 5.4 DOS and local magnetic moments (in parentheses) of vanadium atoms in (
Si
Cp-V)∞ 





Figure 5.5 Iso-surfaces of electron charge density difference for (
Si
Cp-V)∞ on H-Si(100). The 
isovalue is 0.010 e/Ǻ3.  Orange, red, grey and purple spheres denote H, C, Si, and V atoms, 
respectively. The cyan regions indicate negative electron charge transfer while the yellow 
regions indicate positive electron charge transfer, respectively. 
 
5.3 Adsorption of (
Si
Cp-Mn)∞ SMW on Si(100)-H surface 
 Next, the adsorption of (
Si
Cp-Mn)∞ SMW on the Si(100)-H surface was investigated. The 
optimized lattice constant of (
Si
Cp-Mn)∞ is slightly smaller (3.78 Å) than the lattice constant of 
the Si surface (3.86 Å) and thus the SMW undergoes a lesser extent of stretching as compared to 
(
Si
Cp-V)∞. Analysis of the band structure of the standalone (
Si
Cp-Mn)∞ SMW in Chapter 4 
reveals that it is semiconducting. When the SMW is adsorbed along the exposed [100] direction 
of the Si substrate, the band structure of the adsorbed FM SMW (Figure 5.6) becomes metallic as 





Figure 5.6 Band structure indicating the spin up (left) and spin down channels (right) of (
Si
Cp-
Mn)∞ on H-Si(100) surface. The Fermi level is set to zero. 
The 3p pDOS and the total DOS of the silicon atoms exhibit spin polarization and shift to 
lower energy in the presence of the manganese atoms for (
Si
Cp-Mn)∞ on the surface (Figure 5.7) 
and display similar features as compared with the adsorbed (
Si
Cp-V)∞ on the same substrate. The 
metallic behavior is further verified from the total DOS of the manganese atoms (Figure 5.8) as 
the bands from both spin channels cross the Fermi level. The local magnetic moments of the 
manganese atoms are non-equivalent (-0.07 µB, 2.53 µB) and are lower in comparison to the 
values in the standalone (
Si
Cp-Mn)∞ SMW (0.25 µB, 3.68 µB) due to strong coupling between the 







Figure 5.7 3p projected DOS (pDOS) and the total DOS of the silicon atoms in 
Si
Cp and on the 
surface, respectively. The Fermi level is set to zero. White, grey, yellow, and green spheres 
denote H, C, Si, and Mn atoms, respectively. 
 
 
Figure 5.8 DOS and local magnetic moments (in parentheses) of manganese atoms in (
Si
Cp-





Figure 5.9 Iso-surfaces of electron charge density difference for (
Si
Cp-Mn)∞ on Si(100)-H. The 
isovalue is 0.010 e/Ǻ3.  Orange, red, grey and purple spheres denote H, C, Si, and Mn atoms, 
respectively. The cyan regions indicate negative electron charge transfer while the yellow 
regions indicate positive electron charge transfer, respectively. 
 
Notably, the comparison of 3p pDOS and the total DOS of the silicon atoms reveals that 
the contribution of the electrical conductance is not only due to the 3p electrons from 
Si
Cp rings 
but also from the 3d electrons which are transferred by the manganese atoms. The difference in 
3p pDOS and total DOS of the silicon atoms in SiCp rings and the surface silicon atoms which 
are bonded in 
Si
Cp rings indicates the presence of 3d electrons of the magnanese atoms near the 
Fermi level. Thus, electron charge transfer has occured from the manganese to the silicon atoms.  
A different extent of electron charge transfer is observed from the manganese atoms to 
the 
Si
Cp rings and the surface silicon atoms, as reflected in the CDD diagram which further 
supports the non-equivalent local magnetic moments (Figure 5.9). The CDD plot also reveals a 
degree of tilting of the 
Si
Cp rings away from the surface normal. The tilting of the 
Si
Cp rings, 
which is not observed for (
Si
Cp-V)∞, is attributed to the Peierls transition where the local 
symmetry of the SMW is lowered. The local bonding environment of each Mn atom is non-
equivalent due to the transition, and thus account for non-equivalent magnet moments. The 
presence of the Peierls effect is noted for the standalone (
Si
Cp-M)∞ (M = Mn, Fe) SMWs in 





, the 4s electrons are assumed to be part of the 3d system) and the effect 
should be more dominant with the increase in valence d electrons in the metal atoms. A similar 
observation in the trend of the Peierls transition is likely to be replicated for the assembly of 
(
Si





Cp-Mn)∞ towards the bulk silicon atoms in the substrate, the electronic properties of (
Si
Cp-
Mn)∞ and the H-Si(100) substrate are expected not to be affected significantly by each other, 
which is also evident in the CDD plot of adsorbed (
Si
Cp-V)∞. The adsorption of conductive 
(
Si
Cp-M)∞ SMWs on the Si(100)-H substrate offers a promising route to future electronic 
applications as these SMWs are robust both in the standalone wire and the assembled form on 
the surface.  
 
5.4 Conclusion 












Mn)∞ are found to be metallic on the surface. No significant electron or hole doping was 
exhibited during the adsorption of the SMWs on the surface. The Peierls transition occurred in 
(
Si
Cp-Mn)∞ as the 
Si
Cp rings are tilted away from the surface normal. The results highlight the 
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Summary and Future Research 
 
6.1 Summary 
Transition metal multidecker sandwich clusters and their corresponding one-dimensional 
infinite nanowires are often robust and offer a wide range of attractive electronic and magnetic 
properties and open up a new frontier in the development of future nanoelectronic and spintronic 
applications. The present thesis focuses on theoretical investigations of the properties of 
transition metal multidecker sandwich clusters and their corresponding one-dimensional infinite 
nanowires containing of two classes of heterocycles as ring ligands, namely 1) boratabenzene, 2) 
silacyclopentadienyl and germacyclopentadienyl ligands.  
Vanadium-boratabenzene SMCs and its one-dimensional infinite sandwich molecular 
wire (SMW) are studied using DFT calculations. The SMCs and the SMW display excellent 
thermodynamic stability and all ground states are in the conformation where the boron atoms in 
the boratabenzene (HBBz) heterocycles are arranged in a transoid configuration with respect to 
one another. The vanadium atoms couple antiferromagnetically with one another in the SMCs 
through a diamagnetic HBBz ring sandwiched between them, or ferromagnetically through a 
HBBz ring of opposite spin. Meanwhile as the mutidecker cluster elongates to form the one-
dimensional infinite wire, ferromagnetic (FM) coupling is preferred and the HBBz ligands are 
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diamagnetic in the SMW. The (HBBz-V)∞ SMW can function as a potential conductive 
molecular wire as the band structure of the SMW reveals that it displays metallic character.  
Silacyclopentadienyl (
Si
Cp) and germacyclopentadienyl (
Ge
Cp) containing SMCs and 
SMWs are the next class of multidecker compounds investigated by employing DFT 
calculations. The eclipsed conformer is the most energetically stable for Fen(
Si
Cp)n+1 (n = 1 - 4) 
SMCs and the silicon atoms are of sp
2
 hybridization almost coplanar with the four carbon atoms 
in the 
Si
Cp rings. The planar geometry of the 
Si
Cp rings, together with almost equalized C-C 
bonds, indicates delocalization of the π electrons through the five-membered ring. Local 
magnetic moments’ analyses reveal that Vn(
Si
Cp)n+1 SMCs favor AFM coupling while the 
Fen(
Si
Cp)n+1 SMCs are diamagnetic. Four infinite 
Si
Cp SMWs are explored, and the FM states of 
infinite 
Si
Cp SMWs of V, Cr, Mn and Fe changes from metallic in (
Si
Cp-V)∞, to half metallic in 
(
Si




Cp-Fe)∞. The variation in the 
conductive property displayed by the SMWs can be accounted by the increase in spin 
polarization due to the increase in 3d electrons in the TMs from vanadium to iron. In addition, 




 band from the vanadium to 
iron SMWs, which alters the property of the SMWs. Peierls distortion is observed in (
Si
Cp-TM)∞ 





Cp)n+1 (n = 1 – 3) SMCs are not favourably formed in a multidecker 
sandwich manner due to sp
3
 hybrid nature of the germanium atoms and not in a coplanar 
geometry with the four carbon atoms in the butadiene moiety. Therefore the 
Ge
Cp SMCs are 
skewed and distorted, which makes the formation of the infinite 
Ge
Cp SMWs highly unlikely to 
be experimentally achievable.  
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Cp-Mn)∞, are assembled on the H-Si(100) 
surface and the adsorption of the SMWs are theoretically examined. Analyses of the band 
structures show that (
Si
Cp-V)∞ retains its metallicity though the band structure is altered in the 
presence of the silicon substrate. On the other hand, the semiconducting (
Si
Cp-Mn)∞ SMW 
becomes quasi metallic when assembled on the substrate. No significant electron charge transfer 
was observed from the metal atoms to the bulk silicon substrate, though the surface silicon atoms 
that are chemically bonded to the silicon atoms in 
Si
Cp rings experienced some degree of charge 
transfer. Thus, the assembly of the SMWs on the surface, which could pave the formation of 
novel conductive wires on semiconducting substrates in the near future, does not affect the 
properties of the substrate.  
 
6.2 Proposed future studies 
 The findings from the theoretical investigations of SMCs and SMWs incorporating two 
types of heterocyclic ligands, namely boratabenzene and silicon substituted analogues of 
cyclopentadiene, in this dissertation have shown that these molecular nanowires possess 
interesting and exciting properties. However, further works are needed along the following two 
directions. 
6.2.1 Search for novel boratabenzene/boratacyclooctatetraene SMWs 
 As only the vanadium-boratabenzene SMW is reported in this thesis, the study can be 
extended to search for other TM containing boratabenzene SMWs which may contain fascinating 
properties displayed by the currently reported SMWs such as half metallicity
1-3





 This is further encouraged by the ease of boron substituted 





 Multidecker sandwich compounds and SMWs containing rare earth metals and 
boron substituted cyclooctatetraene ligands can also be explored as longest multidecker 
sandwich molecular wire is the 18-layer one dimensional Eun(COT)n+1 cluster.
7
 Moreover, the 
synthesis of the boratacyclooctatetraene ligand has been accomplished by Fang et al.
8
 Therefore, 
the study on novel multidecker europium boratacyclooctatetraene compounds should offer new 
insights of novel singular molecular magnetic with extremely large magnetic moments both from 
the theoretical and experimental perspectives. 
6.2.2 Assembly of related SMWs onto silicon substrates 
 This thesis shows two representative SMWs that are assembled on H-Si(100) surfaces 
that results in the formation of conductive molecular wires that are strongly adhered onto the 
substrate. In addition, Lu et al. have theoretically investigated on the assembly and adsorption of 
a half metallic molybdenum boratabenzene SMW on the same substrate.
9
 The studies in this area 
is still in its infancy, and the interesting results obtained from these initial studies should provide 
the motivation for the studies of the properties of SMWs of different transition metals or 
heterocyclic ligands on H-Si(100) substrate.  
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The magnetic moment of a free atom stems from three principal sources: the spins with the 
electrons are endowed; their orbital angular momentum about the nucleus; and the change in the 
orbital moment induced by an applied magnetic field.  
The first two effects give paramagnetic contributions to the magnetization, and the third offers a 
diamagnetic contribution. Atoms with all filled electron shells have zero spin and zero orbital 
moment: finite moments are associated with unfilled shells. 
The magnetization M is defined as magnetic moment per unit volume. The magnetic 
susceptibility per unit volume is defined as  
    (1) 
where B is the macroscopic field intensity.  The susceptibility is often referred to unit mass or to 
a mole of a substance. The molar susceptibility is written as χM; the magnetic moment per gram 
is sometimes denoted as . Substances with a negative susceptibility are called diamagnetic, 
whereas those with positive susceptibility are called paramagnetic. 
Diamagnetism is associated with the tendency of electrical charges partially to shield the interior 
of a body from an applied magnetic field. The magnetic field of the induced current is opposite 
to the applied field, and the magnetic moment associated with the current is a diamagnetic 
moment. There is a diamagnetic contribution from the conduction electrons in a normal metal as 
well, and this diamagnetism is not destroyed by the collisions of the electrons. 
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The usual treatment of the diamagnetism of atoms and ions employs the Larmor theorem: In a 
magnetic field the motion of the electrons around a central nucleus is to the first order in B, and 
is the same as a possible motion in the absence of B except for the superposition of a precession 
of the electrons with angular frequency.  
    (2) 
If the field is applied slowly, the motion in the rotating reference system will be the same as the 
original motion in the rest system before the application of the field.  
If the average electron current around the nucleus is zero initially, the application of the magnetic 
field will cause a finite current around the nucleus. The current is equivalent to a magnetic 
moment opposite to the applied field. It is assumed that the Larmor frequency (2) is much lower 
than the frequency of the original motion in the central field. The condition is not satisfied in free 
carrier cyclotron resonance, and the cyclotron frequency of the carriers is twice the frequency in 
(2). The Larmor precession of Z electrons is equivalent to an electron current 
   (3) 
The magnetic moment  of a current loop is given by the product (current) x (area of the loop). 
The area of the loop of radius  is 2. The magnetic moment is thus 
   (4) 
where <2> = <x2> + <y2> is the mean square of the perpendicular distance of the electron from 
the field axis through the nucleus. The mean square distance of the electrons form the nucleus is 
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<2> = <x2> + <y2> +<z2>. For a spherically symmetric distribution of charge, <x2> = <y2> = 
<z
2
> so that <r
2
> = 3/2 <2>. 
The diamagnetic susceptibility for N number of atoms per unit volume is thus 
   (5) 
which is the classical Langevin result. 
 
Paramagnetism 
Electronic paramagnetism is found in:  
1. Atoms, molecules, and lattice defects possessing an off number of electrons, which 
results in the total spin of the system to be always non-zero. Examples would include free 
sodium atoms, gaseous NO and NO2, organic free radicals such as triphenylmethyl 
C(C6H5)3 and F centers in alkali halides. 
2. Free atoms and ions with partially filled inner shells: transition elements, ions 







. Paramagnetism is exhibited by many of these ions even when 
incorporated into solids, but not invariably. 







Consider a paramagnet with concentration of N ions of spin S. If there is an internal interaction 
tending to line up the magnetic moments parallel to each other, a ferromagnet is formed. 
Assuming that this interaction is termed as exchange field, the orienting effect of the exchange 
field is opposed by thermal agitation, and at elevated temperatures the spin order is destroyed.  
Given another assumption that the exchange field is treated as equivalent to a magnetic field BE 
and proportional to the magnetization, in the mean-field approximation each magnetic atom 
experiences a field proportional to the magnetization: 
   (6) 
where  is a constant which is independent of temperature. Each spin sees the average 
magnetization of all other spins in accordance to equation (6). 
The Curie temperature Tc is the temperature above, which the spontaneous magnetization 
vanishes, and it separates the disordered paramagnetic phase from the ordered ferromagnetic 
phase. It can be expressed in terms of  
(7) 




Peierls instability in one dimension 
The Kohn anomaly has particularly drastic effects in one-dimensional electron systems, where 
electron-phonon coupling leads to instability of the metallic state. Consider a one-dimensional 
Jellium model where the ionic background is treated as an elastic medium with a displacement 
field u along the extended direction (x-axis). When the electron-electron interaction and the slow 
time evolution of the background modulation, the Hamiltonian will be, 
   (1) 
The contributions of the isolated electronic and ionic systems are included in  
  (2) 
and the interactions between the system comes in via the coupling  
   (3) 
In the general theory of elastic media  u = -n/n0 describes density modulations, so that the 
second term Hint models the coupling of the electrons to charge density fluctuations of the 
positively charged background mediated by the screened Coulomb interaction . 
Consider the ground state of N electrons in a system length L, leading to an electronic density  
N0 = N/L. For a uniform background u(x) = const, the Fermi wavevector of free electrons is 
determined to be  
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   (4) 
leading to  
  (5) 
Assuming that the background shows a periodic density modulation (coherent phonon state) 
u(x) = u0 cos(Qx)   (6) 
where  and u0 remains to be determined variationally. Such a modulation can be shown 










Figure A4.1 Calculated highest occupied molecular orbitals (HOMO) and lowest unoccupied 
molecular orbitals (LUMO) for Fen(
X
Cp)n+1 (X = C, Si, Ge, n = 1 - 3). White, grey, orange, 
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